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Introduction
To decrease the rate of greenhouse gas emissions, the usage of conventional energy resources should be replaced by alternative renewable sources. Recently, energy recovery from wastewater streams has received more attention [1] [2] [3] . Raising the quality of discharge water and nutrient removal increases the energy costs of wastewater treatment, which is dominated by the conversion and elimination of nitrogen and phosphorus [4] . Efforts have been made to promote sustainability of the overall sewage treatment and change the wastewater treatment plants (WWTPs) to a net energy producer process [4] [5] [6] [7] [8] .
Sewage water contains a wide variety of contaminants, such as excess nutrients and organic compounds. Nitrogen is one of the major pollutants in wastewater stream that can cause eutrophication (overly enriched water with minerals and nutrients). Nitrogen in wastewater stream is in the form of organic nitrogen and ammonium. Excessive nitrogen decreases dissolved oxygen levels of the receiving waters and cause toxicity to the aquatic organisms. Hence, the removal of nitrogen from wastewaters is crucial to reduce harmful effects on the environment [9] . Part of ammonia (NH 3 ) present in the wastewater can be ionised (NH 4 + ) and deionized again (to NH 3 ). The concentration of ammonia in wastewater can be identified by the total ammonia nitrogen (TAN) value. Based on the pH level and temperature, ammonia toxicity has been reported at concentrations ranging from 0.53 to 22.8 mg L -1 [10] . Strict regulations for nitrogen discharge from the municipal WWTP leads to significant energy and material costs [9] . There are various techniques like nitrification and denitrification [11] [12] [13] [14] to extract nitrogen from the wastewater stream and thereby return it to the atmosphere. Another method is to accumulate nitrogen in the form of ammonia and then remove -it from the wastewater stream. Adding an ammonia removal process in WWTP makes the N-removal process more efficient and economical by reducing the needed areas and volumes of the nitrogen removal step [9] . The accumulated ammonia can be recovered through the struvite precipitation process as this technique certainly possesses some remarkable advantages like reducing the electricity required for nitrogen removal and chemical usages for chemical phosphorus removal [9, 15, 16] . Generally, recovered ammonia from WWTP is used as a fertilizer. However, pure ammonia is considered as a carbon-free fuel. Ammonia can be used as a promising fuel, due to its high hydrogen density, less flammability, and well-known infrastructures associated with transportation and storage ( Table 1 ) [17] . The only drawback of ammonia is its toxicity but can be detected easily due to its strong odour. The concentration of ammonia produced from a precipitation process is as low as 14.3% molar or 13.6% mass fraction (the rest is water vapour). Ammonia-water mixture with such a low concentration of ammonia is not a suitable fuel for conventional energy conversion device like an internal combustion engine. Efficient energy conversion methods such as oxidation of ammonia in the fuel cell can improve energy recovery and reduce the emissions. An energy content comparison and properties of conventional fuels are shown in Table 1 .
Fuel cells provide an opportunity to develop thermodynamic systems, which generate electricity on the basis of electrochemical reactions. SOFCs are modular, silent, low-emission and vibration free energy conversion devices. These fuel cells have already been used in different power generation systems, and very high electrical efficiencies (above 60%) have been reported [7] . Even though hydrogen is the most commonly used fuel, SOFC itself can convert chemical energy from a variety of fuels, like hydrocarbon fuels and ammonia [18] . In SOFC application, internal ammonia cracking is observed, due to its high operating temperature (650°C-900°C) [19, 20] . Moreover, operating at high-temperature allows using the heat in co-generation or bottoming cycle enhancing the system energy and exergy efficiency [21] . In an integrated ammonia-SOFC system with struvite precipitation process, the generated heat can be used in the decomposition of struvite. To the best of the authors' knowledge, the operation of ammonia fed SOFC with low concentrations of ammonia has not been reported.
An initial objective of this study is to identify the feasibility of integration of the ammonia recovery process (precipitation) from the wastewater treatment plant with SOFC. First, an overview of energy demand regarding the nitrogen removal in WWTPs is presented, and nitrogen recovery in precipitation process and ammonia production is explained. An experimental study is conducted on a single commercial Ni-GDC (gadolinium doped ceria) electrolyte supported cell with the ammonia-water mixture as fuel. The cell performance is assessed for different ammonia mole fraction at 800°C. Subsequently, system modeling is carried out to evaluate the ammonia-SOFC system efficiency in such a way that the ammonia-water mixture (with low ammonia concentration) is used as fuel, and the generated heat is applied in the ammonia recovery process. Then, this system is optimized to improve the system efficiency by increasing the ammonia concentration before feeding to SOFC and evaluate the performance of the developed model thermodynamically.
Ammonia Production
The main industrial procedure for ammonia production is the Haber-Bosch process. Ammonia is produced through the reaction of H 2 and N 2 under high temperatures and pressures. The energy demand (mostly electricity) of this process is around 28 MJ kg -1 NH 3 (0.48 MJ mol -1 NH 3 ) [22, 23] which is higher than the low heating value (LHV) of ammonia (see Table 1 ), and releases 1.92-3.82 kg CO 2 kg -1 NH 3 [24, 25] .
However, ammonia can be produced from nitrogen-rich sources through some minimal carbon footprint techniques. For instance, several biological and physicochemical treatment techniques have been considered and developed to remove nitrogen from wastewater streams [26] .
Nitrogen Removal in WWTPs

Conventional Techniques
Conventional biological treatment like aerobic digestion is using most typically nitrogen removal processes in wastewater treatment plants, due to lower capital costs and fewer operational problems [27] . However, the operating costs are high, due to the high amount of dissolved oxygen (DO) demand, which is the essential parameter in the aerobic digestion process. The DO concentrations generally range between 0.5 to 2.0 mg L -1 water , based on the type of influent and aeration conditions [11, 28] and makes total aeration energy demands very high. The energy requirement for wastewater treatment based on the treatment method can reach to 15.2 MJ m -3 and 53% of that is attributed to aeration [29] .
In the 18th and 19th century, several processes were investigated to treat the digester liquid with nitrification/ denitrification by the addition of organic carbon sources. These processes are based on the biological transformation of ammonia to nitrate. Denitrification occurs during the anoxic period, and nitrification takes [31] .
In the late 90s, anaerobic ammonium oxidation (anammox) process was introduced. Strous et al. [32] claim that this process can significantly reduce aeration energy demands and requires no organic carbon source. However, nitrogen removal through an advanced Sharon/Anammox process still requires a considerable amount of power (14 MJ kg -1 N) [16] . Even with applying new nitrogen removal techniques such as using anaerobic membrane bioreactors, electrical energy required is still high, and energy requirement of around 18.3 MJ kg -1 N (considering a TAN of 100 mg L -1 ) is reported in literature [33] . On the other hand, there is an alternative approach to convert nitrogen to ammonia in order to use it for different applications.
A conventional wastewater treatment plant is shown in Figure 1 . The concentration of organic compounds and nutrients in the wastewater stream is increased through primary and secondary sewage treatment. The activated sludge stream is more suitable for use in the waste-to-energy strategy [7] . Activated sludge is conveyed to the anaerobic digester, where biogas is produced from organic materials. The concentration of ammonia/ammonium is high in the influent stream to anaerobic digestion (AD). Moreover, ammonia concentration also increases during the AD process. Ammonia removal is essential, because high ammonia concentration (4) (5) 
) is an inhibitor of methanogenic bacteria [34, 35] . The level of toxicity depends on AD conditions such as temperature, pH, retention time and concentration of organic and inorganic compounds inside the anaerobic digester [36] . Furthermore, removing ammonia from AD also decrease the DO demand in aeration due to the low concentration of ammonia in the recirculated water stream [16] . This reduces the energy demand during the aeration process.
Several studies have been carried out on nitrogen removal/ recovery processes like direct stripping either with air or with biogas [37, 38] , ion exchange [39] , electrodeionization [40] , pre-treatment by microwave radiation [41] , electrodialysis and pre-evaporation (hydrophobic) for a wide range of total nitrogen (TN) concentration and different wastewater resources [42] [43] [44] . For instance, the energy demand for ammonia removal through the air stripping process is around 40-50 MJ kg -1 N [16] . Luther et al. [45] have investigated ammonia recovery from human urine (with a high concentration of ammonium) by an electrochemical cell. The electrical power demands for different concentration of ammonium are shown in Table 2 . It should be noted that during this process, some amount of hydrogen is produced, which is worth approximately 15.5 MJ kg -1 N and decreases the overall energy demand for ammonia recovery. This study is focused on the chemical precipitation process for ammonia recovery with heat generated from an SOFC stack.
Precipitation Process
Generally, the Ammonia-Nitrogen (NH 3 -N) and Ammonium-Nitrogen (NH 4 + -N) concentration are moderately low in Fig. 1 Conventional wastewater treatment plants, including nitrogen removal process (aeration) and anaerobic digestion. [46] . But, the concentration is higher after primary wastewater treatment. Struvite precipitation is one of the interesting methods for ammonia recovery when the concentration of ammonium is in the range of 0.1 to 5 g N L -1 [47] . Magnesium ammonium phosphate (MAP), so-called struvite, is crystallized by adding magnesium ion to wastewater in order to gradually increase the pH level (Eq. (1)). To achieve high-purity struvite, it is recommended to raise the pH value to 9.0-9.5 [48, 49] . Struvite crystals are formed inside the reactor with an average size of 42 to 80 mm [16] .
Next, in the decomposition reactor, the struvite crystals can be decomposed into magnesium hydrogen phosphate (MHP) and ammonia Eq. (2) by absorbing heat. MHP is recycled to the struvite reactor to remove ammonium from the wastewater. Indeed, the residues of struvite decomposed could be used as P and Mg sources, reducing operation costs of struvite precipitation process. In addition, part of the MHP can be used in the phosphate processing industry, as an environmentally friendly alternative to mined phosphate ore or as a fertilizer. Struvite is thermodynamically unstable, and dehydration starts just above room temperature [50] . Sarkar [51] found that the maximum decomposition takes place at 106°C based on the results from derivative thermogravimetric analysis (DTGA). The remained MHP is returned to the crystallization reactor to react with ammonium from the wastewater stream again (Figure 2) .
This method is known as a cost-effective technique in comparison to aeration of elemental nitrogen gas in conventional WWTPs [16] . Energy demands of struvite production are estimated around 9.3 MJ kg -1 N electricity (5.6 MJ kg -1 N for the process itself). Other energies, including the energy need for production of magnesium and phosphorus at the beginning of the process, is not considered [30] . Theoretically, the stream released from the pyrolysis of struvite contains an ammonia-water mixture with 14.3 mol.% (13.6 mass%) ratio of ammonia. The decomposition stage of the struvite needs around 2,650 kJ kg -1 of the produced stream (see Appendix). Moreover, phosphorus reduction is also another advantage of this method and phosphate can be recovered from struvite decomposition. Phosphate is a limited source in the environment and essential material in the food industry, which is also used as a fertilizer. Scheme of ammonia production from wastewater influent is shown in Figure 2 .
Ammonia-fuelled SOFC
Ammonia recovered as a hydrogen carrier fuel can be cracked to hydrogen at high temperature. Ammonia cracking reaction is endothermic and starts at 405°C Eq. (3) and complete conversion of the ammonia takes place at 590°C [52] . The normal operating temperature of SOFC is in the range of 650 to 850°C. So, ammonia cracking can take place inside the SOFC.
A lot of studies have been carried out on the thermal decomposition of ammonia with different catalysts [53] . Chellappa et al. [54] have investigated the kinetics of pure ammonia cracking over a Ni-Pt/Al 2 O 3 catalyst at a diverse range of temperatures. The reaction rate was first order with respect to ammonia partial pressure at the temperature between 524 and 690°C.
The activation energy (E a ) of ammonia cracking is found to be about 196.2 kJ mol -1 . The coefficient k 0 has been determined as 4.0 10 15 for Eq. (4) [53] . Conducted experiments on different kind of electrolytes and anode materials of SOFCs indicate that Ni-based anode is a proper catalytic material for ammonia cracking and more than 90% ammonia cracking can be achieved for ammonia-SOFC at a high temperature around 800°C [19, 55, 56] . An ammonia cracking of 99.996% has been reported for a Ni-YSZ (Yttria-stabilized zirconia) anode at 800°C, which is close to the equilibrium composition [57] . Many studies have been conducted to assess the direct ammonia-fuelled SOFCs potential [19, 53, 57, 58] . Experimental studies illustrate that the performance of the SOFC running on pure ammonia is close to hydrogen-fuelled one [59] [60] [61] . Comparable cell performances are reported on pure ammonia in comparison to humidified hydrogen when operated at a higher temperature (roughly around 800°C) [20, 57, 62, 63] . Furthermore, a better SOFC system performance is reported due to less cooling required for ammonia-SOFC stacks [57] . Additionally, by using ammonia as an alternative fuel for SOFC, NO x formation can be prevented, because of the low-temperature reaction in comparison with typical combustion devices [64] . Generally, in ammonia- 
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fed SOFC studies, it was assumed that the partial oxidation reaction forming NO is energetically less favorable. Later, investigations show that the NO x concentrations in the SOFC off-gas are negligible [61, 65] .
Ammonia-SOFC modeling studies have been conducted for different operating conditions. Farhad and Hamdullahpur [66] proposed a conceptual design of a portable ammoniafuelled SOFC system. The results predicted through the simulation system confirm that the first-law efficiency of 41.1% is achievable with the system operating at a cell voltage of 0.73 V and fuel utilization of 80%. Rokni [67] has developed a hybrid system for different types of fuel, like ammonia by a general energy system simulation tool. The obtained system efficiency for the pure ammonia fuelled SOFC was around 58%, the lowest value among different types of fuel. However, it is found that energy efficiency is not decreasing by lowering the SOFC operating temperature. Baniasadi and Dincer [68] have studied an ammonia-SOFC system with SOFC-H + technology for vehicular applications. They have focused on energy and exergy analyze of this system by varying fuel utilization and current density. An energy efficiency of 42% is achieved in this system operating at 700°C fuelled with pure ammonia at a current density of 1,400 A m -2 and fuel utilization of 80%. Patel et al. [21] have found total exergy efficiency of 69.8% for a high-temperature SOFC-GT system fed with pure ammonia at a cell voltage of 0.78 V and cell resistance of 5.0 10 -5 O m 2 (at 950°C). Results show that 55.1% of the exergy is converted to electrical power in the SOCF stack.
Experimental
So far, many studies only focused on using high concentrations of ammonia or hydrogen ammoniamixture for SOFC [21, 66, 69] , however, as mentioned, the concentration of ammonia from the struvite decomposition reactor is as low as 14 mol.% (based on the stoichiometric ratio) and the rest is water vapour. If the ammonia concentration in the fuel mixture decreases, the hydrogen concentration of ammonia cracking decreases as well. This leads to a low hydrogen partial pressure in fuel gas flow, which reduces the cell reversible potential. The performance of ammonia-SOFC with low concentration has not been comprehensively studied.
Experimental Approach
A series of experiments have been conducted to evaluate the performance of SOFC with different ammonia-water mixtures at 800°C. The schematic of the setup used is shown in Figure 3 . A commercial Ni/GDC electrolyte-supported cell (ESC) with an activated area of 81 cm 2 is used in this experiment. Inlet gas composition is supplied from gas bottles, and the flow rate and the ratio of the ammonia-water mixture are adjusted by using mass flow controllers (MFC) and the controlled evaporation and mixing (CEM) system. The anode inlet gas is preheated (trace heating) to prevent steam condensation inside the pipe. For the cathode side, the air is simulated by mixing 1,200 N mL min -1 nitrogen and 320 N mL min -1 oxygen. The current-voltage (I-V) characterization is performed in the potentiostatic control mode by an electronic impedance spectroscopy (EIS) device (Gammry FC-350). The outlet gas (dry based) composition can be analyzed by a micro gas chromatography (GC) device (Agilent 490). The outlet gas can be sampled at the outlet of the fuel cell ceramic block, and the concentration of ammonia can be measured by a Dräger sampling tube. The cell temperature is measured with a k-type thermocouple placed very close to the anode side.
Experimental Results
Ammonia Cracking
After the cell reduction process with the hydrogen-nitrogen mixture, a mixture of ammonia (200 N mL min -1 ) and nitrogen (600 N mL min -1 as carrier gas) is used to check the feasibility of ammonia cracking inside the fuel cell block (cell holder) itself. The outlet gas from the anode channel is analyzed by micro GC. The same test is conducted with an equivalent amount of hydrogen and nitrogen (300 and 700 N mL min that the H 2 /N 2 ratio of the outlet gas for both ammonia and hydrogen fuelled SOFC are 0.39. This implies that ammonia is cracked into nitrogen and hydrogen at 800°C in this setup. The concentration of ammonia at the outlet is also measured by a Dräger sampling tube, and it was less than 1,000 ppm, which gives an ammonia cracking of 99.6%.
Ammonia in Comparison to Hydrogen
Subsequently, pure ammonia is used as a fuel (350 N mL min -1 ). The polarization curve of this test is shown in Figure 4 . Then, an equivalent amount of hydrogen and nitrogen (525 and 175 N mL min -1 H 2 and N 2 , respectively) is fed to SOFC. The performance of the cell with ammonia fuel is comparable with hydrogen/nitrogen mixture fuel. For both tests, the oven temperature was constant but, the cell temperature is slightly lower (around 7°C) with ammonia fuel, due to the endothermic reaction of ammonia cracking, which causes higher cell ohmic resistance for Ammonia-fed SOFC. This is in agreement with results reported by Cinti et al. [56] .
Ammonia-water Mixture
Various ammonia-water mixtures are used to evaluate the influence of steam concentration on cell performance. The total flow rate and ammonia flow (for the anode) are 1,000 N mL min -1 and 200 N mL min -1 , respectively. A fuel utilization of 56% achieved in the test with pure ammonia at a current density of 3,000 A m -2
. The oven temperature was constant for all gas compositions. The polarization (I-V) curves of these gas compositions are shown in Figure 5 . Low concentration of steam (15%) is provided by a humidifier, and higher steam concentrations are supplied by a controlled evaporation and mixing (CEM) system. The nitrogen gas stream is required to carry steam before mixing with the pure ammonia stream. Results show the possibility of operating SOFC with a high concentration of steam at 0.7 V and 800°C. These are the conditions that will be used in the system modeling section of this study. Increasing ammonia concentration increases obtained current density. The area specific resistance (ASR) is in the order of 1.1 10
3 System Modeling Study
Thermodynamic Analysis and Modeling Approach
Exergy analysis can be employed to improve the energy efficiency of systems, by minimizing of irreversibilities. For instance, electrochemical oxidation is more reversible in comparison with the combustion process. System optimization can also be carried out by improving system configuration in order to decrease the irreversibilities. Based on works reported in literature, there are some studies on SOFC system modeling with different system configurations and types of fuels [21, 69, 70] . A Cycle-Tempo model has been developed by H. Patel et al. [21] to evaluate an SOFC-gas turbine system with different fuels, including pure ammonia. It is claimed that the energy efficiency of ammonia fed SOFC is higher than hydrogen, but the exergy efficiency is slightly lower. The highest exergy destruction is attributed to the fuel cell itself and exergy losses in the stack (exhaust) is almost the same for all types of fuels.
This study analyzes the energy and exergy efficiency of an integrated power generation system based on an ammonia fed SOFC in which ammonia is produced through the decomposition of struvite. The influence of individual components on the overall system efficiency is evaluated by the exergy analysis. The system performance is improved by the optimization of operating conditions. It is aimed to convert an energy consuming process step (nitrogen removal in WWTP) to an energyproducing process step.
System Description
After the primary wastewater treatment process, effluent with a high concentration of nitrogen is conveyed to the crystallization reactor. Struvite is extracted from the sludge stream in this reactor and carried to the decomposition reactor. Ground struvite is heated up in this reactor where the ammonia-water mixture is evaporated, and the MHP is sent back to the crystallization reactor. Ammonia water mixture can be condensed and stored in a vessel, or the vapour can be con- 
ORIGINAL RESEARCH PAPER
veyed directly to the SOFC as a fuel. Potential contaminants and particles in the ammonia-water vapour stream can be removed by using a filter before entering the SOFC stack. Since the fuel utilization is set in the range of 80%, an afterburner is used to burn the remaining hydrogen gas in anode exhaust. The heat generated from the electrochemical reaction of fuel in SOFC and burning hydrogen in the afterburner can be used for the struvite decomposition process. The flow diagram ( Figure 6 ) shows a simplified integrated system of the ammonia precipitation process with ammonia fuelled SOFC. The operating temperature would be between 700°C to 850°C, because at a higher temperature (up to 950°C) trace of NO x (0.5 ppm) has been observed [71] .
Model Description
Cycle-Tempo is a software developed at Delft University of Technology to thermodynamically evaluate power cycles (including fuel cell systems). Equilibrium calculations are employed to calculate the fluid properties and energy production/consumption in each apparatus. Calculation methods employed and detailed information pertaining this is explained in detail in the manual of this software [72] . Mass and energy balance equations are used to calculate mass flow in each apparatus. The airflow for the cathode side is calculated based on the cooling requirement of the SOFC stack. It should be mentioned that the system efficiency is calculated based on absorbed energy, the LHV of the ammonia-watermixture. The filter (after the decomposition reactor) is not included in the system modeling, as it has no influence on the thermodynamics of the system. Some of the major input parameters used in the model are illustrated in Table 3 .
This Ammonia-SOFC integrated system is operating at atmospheric pressure. The cell resistance is set 1.0 10
at a cell temperature of 800°C. This is in agreement with the cell resistance reported in literature at this operating temperature and also measured in Section 3 of this study [71] . Aqueous ammonia with 13 mass % ammonia (14 mol.%) in water with a flow rate of 10 kg s -1 is assumed as SOFC fuel. First, ammonia and air flows are preheated in heat exchangers ( Figure 7 ) and then mixed with the anode and cathode gas recirculation flows, respectively. The overall fuel utilization (based on fresh fuel in pipe #101) is fixed. However, the per pass fuel utilization (based on fuel used in the SOFC stack) can change based on the anode and cathode gas recirculation ratios. These ratios are determined based on the outlet temperatures of the fuel and air in the heat exchanger #405 and #403, respectively. Increasing the temperature of the fuel in pipe #104 decreases the gas recirculation ratio for the anode side and results in increasing the per pass fuel utilization. The temperature of fuel at the inlet of the SOFC stack reaches to 675°C. The temperature for air (cathode side) is set to 650°C. The fuel cell exhaust still includes some hydrogen gas (U f = 80%) which can be burnt in a catalytic afterburner (apparatus 301). Then, the flue gas is passed through heat exchangers to preheat inlet streams, air flow for the cathode side and ammonia-steam mixture flow for the anode side. This leads to better heat recovery and a decrease in thermal stress inside the SOFC. Ammonia cracking takes place inside the fuel cell. All heat exchangers are assumed to be in counter-flow configuration. There is still residual heat, which can be used in the struvite decomposition process (see Appendix). A heat sink is considered to simulate the decomposition reactor in the struvite precipitation process. Air circulation is used to transfer heat from flue gas to the decomposition reactor. It appeared that the outlet flue gas temperature of the heat exchanger (407) is high enough to avoid condensation of water-vapour in this heat exchanger.
Modeling Results and Discussions
Operating with Low Ammonia Concentration
As a first step, ammonia water mixture with an ammonia concentration of 14 mol.% is used as a fuel for this model. The experimental results show the feasibility of using low concentration ammonia as a fuel for operating an SOFC. Results from computations showed that the fuel cell produces 12.42 MW electrical power at 0.66 V cell voltage and a current density of 1,500 A m -2 , which is in line with experimental results ( Figure 5 ). The overall fuel utilization (based on fresh fuel injected into the system) is set at 83%, while the per-pass utilization obtained is less than 79.1%.
In this system, the fuel and air exhausts from the SOFC stack are partially recirculated to the stack and mixed with preheated fuel and air, respectively. The recycle ratio is the ratio of recirculated flow back to the SOFC from the outlet flow. The fuel and air recirculation ratios are 0.12 and 0.66, respectively. The oxygen utilization (per-pass) is roughly 50%. The air recirculation reduces the oxygen-utilisation per-pass. The electrical energy requirements for compressors are 6 and 32.3 kW for anode gas and air recirculation, respectively. Ammonia gas completely cracks inside the SOFC stack, and there is still hydrogen in the anode off-gas stream. Hydrogen combustion takes place in the afterburner with low air-fuel ratios (l = 1.5). With this system configuration, the net energy efficiency achieved is 48.5%, and the exergy efficiency is 39%. Operating the ammonia-SOFC system in these conditions provides 12.35 MW heat for struvite decomposition reactor, which is not sufficient for producing 10 kg s -1 of ammonia-water fuel.
The remaining heat demand for struvite decomposition (14.15 MW) can be supplied from biogas combustion produced in an anaerobic digestion reactor [7] . This brings the overall efficiency (including struvite decomposition) to 31.8% (based on ammonia and biogas LHV values). Energy/exergy losses in this system are attributed to the irreversibilities in heat exchangers, mixing nodes, fuel cell and afterburner (combustor). Most exergy loss takes place in the fuel cell, heat exchangers, especially in apparatus 401, 402, and 407 due to high temperature-differences between the flows. The exergy efficiency of SOFC stack (W/(Ex in -Ex out )) in this system is 81%, while 9.2% of total exergy destruction occurs in the fuel cell stack (Figure 8 ). High concentration of nitrogen and steam in the fuel stream cause dilution of fuel, which results in reducing the air requirement (for SOFC stack cooling) in the cathode side. Additionally, the endothermic reaction of ammonia cracking further decreases the air ORIGINAL RESEARCH PAPER 8 requirement. Decreasing air requirements increases the exergy efficiency of the system. The heat from out flow (to the exhaust stack) can still be used for other processes since the temperature is around 90°C. For instance, it can be used in the thermal pre-treatment of sludge for anaerobic digestion. Exergy destruction of the ammonia-SOFC system is shown in Figure 8 . The high amount of exergy loss (15.7%) to the stack (the exhaust, apparatus #901) should be decreased to make this system more efficient. Part of the exergy flow (4.3 MW out of 12.35 MW th ) is delivered to the struvite decomposition reactor for the precipitation process. In spite of low ammonia concentration, the energy and exergy efficiencies of this system are comparable with results reported in literature [66, 68] .
Increasing Ammonia Concentration
Regarding the ammonia production process from struvite, the ammonia concentration would be 14.3 mol.% (based on the stoichiometric ratio shown by Eq. (2)). In the previous section, the ammonia-SOFC system efficiency has been evaluated with respect to the struvite decomposition process. There is a possibility to increase the ammonia concentration in the inlet stream by applying the distillation method. Thus, it is interesting to investigate whether increasing ammonia concentration improves net system efficiency.
Distillation Process
Distillation is a physical separation process that used to remove components from a liquid phase by selective boiling and condensation. The liquid stream is being brought in contact with a gas stream in each stage (tray) inside a distillation tower [73] . A distillation tower can be used to supply an ammonia-water mixture, rich in ammonia, to be fed to the SOFC. The process was found to be effective while the nitrogen discharge regulations (concerning the ammonia left in the waste-water) are met. Separation of the most volatile components (in this case NH 3 ) from the liquid phase (water), can be accomplished by using multiple stages in series with a reflux ratio between stages [73] . However, in practice, specifically for ammonia-water mixture, there are limits to the number of stages and the reflux ratio in this process [73] . First, the ammonia-water mixture (in vapour phase) is fed into the bottom stage of the distillation tower. Because of the high temperature, the vapour mixture rises through the packed column, and this mixture is condensed following to the top of the tower. A larger ammonia concentration is achieved after condensation of water vapour in the distillation tower. Then, based on the reflux ratio, part of the condensed mixture flows back into the distillation tower, and flow with high ammonia concentration is discharged. Typically a reboiler is used to provide heat to the bottom of distillation towers, however, in this case, because of the high temperature of the flow from the struvite decomposition reactor (106°C), the presence of a reboiler is not required for the distillation tower in this system. For more information and details regarding the distillation tower, see [73] [74] [75] .
A simplified ammonia recovery model (based on distillation) has been developed using Aspen plus software to determine energy consumption through the distillation process. Various reflux ratios have been applied to increase the ammonia concentration (Table 4) . Increasing the reflux ratio increases the ammonia concentration in the vapour stream from the top of the distillation tower. The reflux ratios have been varied to change the ammonia concentration from 14% to 30, 60, and 90 mol.%, respectively. Results show that it is possible to obtain a high concentration of ammonia (90%) with only 5 (theoretical) stripping stages. The outlet liquid stream still contains a small amount of ammonia (0.2 %), but it is still too high to be released into receiving waters. This stream should flow back to the wastewater treatment cycle. The temperature of the bottom streams (liquid) mentioned in Table 4 is 96°C for all the three cases. This stream can be circulated in a heat exchanger (#4 in Figure 9 ) to increase the temperature of the ammonia-rich flow (top stream in distillation tower).
Ammonia water vapour with 30 mol.% ammonia can be condensed and stored in closed containers at atmospheric pressure and ambient temperature. Storage of ammonia in the liquid phase is desirable for transportation, and this limits possible exposure to the environment [19] . In Section 6.3, the operation of an SOFC system with different ammonia concentrations, including 30% ammonia, will be studied.
The vapour stream in a distillation tower should be cooled down further to achieve higher ammonia concentrations. For instance, an ammonia concentration of 90% can be obtained by decreasing the vapour stream temperature to 50°C. Heat duties of the condenser for different reflux ratios are illustrated in Table 4 . Low-temperature water is used to fulfil the cooling in the condenser of the distillation tower. A heat pump is used to decrease the temperature of circulating water. In the next section, integration of the struvite decomposition reactor, heat pump and distillation tower are explained.
Heat Pump Assisted Distillation Tower
As explained in the previous section, the vapour stream of the distillation tower needs to be cooled down in the condenser of distillation tower (#1 Figure 9) . For instance, with a reflux ratio of 5.3, the condenser heat duty is 19.7 MW at the condenser temperature of 50°C. On the other hand, heat is required for the decomposition of struvite in the precipitation process. Using a heat pump between condenser and reboiler (in the distillation tower) is already investigated [76] . In this study, a subsystem is designed to transfer heat from the condenser of the distillation tower to the struvite decomposition reactor of the precipitation process. The Schemmatics of this system is shown in Figure 9 .
In order to simulate the heat pump assisted distillation tower, a Cycle-Tempo model is developed (Figure 10) . A water cycle is required to transfer heat from the condenser of the distillation tower to the evaporator of the heat pump. Then, heat is transferred to the decomposition reactor by this heat pump, whereas pure ammonia is used as a refrigerant [77] . The condenser of the distillation tower is modeled as a heat source (apparatus 301 in Figure 10) . The model calculates all flow rates required for heat transmission. For instance, the water flow rate is 195 kg s -1 in pipe 301. In heat exchanger 103, 100 kg s -1 of wastewater is heated up to 35°C, which transfers around 8.4 MW heat. In the evaporator (heat exchanger 204 in Figure 10 ), about 11.5 MW heat is transferred to the condenser of the heat pump. A compressor is needed to increase the ammonia pressure to 42 bar and the temperature to 191°C. The coefficient of performance (COP) of 3.2 is calculated and, 3.6 MW electrical power is required for the compressor. In the condenser, 15.0 MW heat is transferred to the struvite decomposition reactor. The pressure decreases to 5.5 bar in the expansion valve. The ammonia-rich flow from distillation tower is heated up again to 90°C with hot water from the bottom stream of the distillation tower (in heat exchanger #4). In Section 5.3, the influence of the ammonia concentration on the SOFC system will be investigated. The main assumptions for the Cycle Tempo model are presented in Table 5 . The outlet temperature of the wastewater (35°C) is considered to be high enough for a low-temperature thermal pre-treatment (mesophilic condition) of sludge for anaerobic digestion [7] . The circulation air with a temperature of 90°C is provided to heat the struvite (heat exchanger 402 in Fig. 9 Scheme of ammonia flow from struvite decomposition process with heat pump assisted distillation tower. Figure 10 ), and struvite heats up further with flue gas from the SOFC system. Produced ammonia is used in the same SOFC system with minor modifications. With a higher concentration of ammonia, a higher current density in the SOFC can be achieved.
ORIGINAL RESEARCH PAPER
SOFC Operating with High Ammonia Concentration
In the previous section, an ammonia recovery system with a heat pump assisted distillation tower has been explained. In this section, the influence of ammonia concentration on the performance of an ammonia-SOFC system is assessed. Various ammonia concentrations, along with specified fuel flow rates (see Table 4 Table 6 . Increasing the ammonia concentration from 14% to 30 mol.% increases energy and exergy efficiencies. The performance of the developed system shows an excellent potential to be used for aqueous ammonia (ammonium hydroxide liquid fuel) with roughly 28% ammonia by mass (30 mol.%). With further increasing the ammonia concentration, energy efficiency of the system relatively increases. Since the concentration of ammonia is increased to 90%, the fuel flow rate decreases to 1.49 kg s -1 . The Nernst voltage for the highest ammonia concentration (90%) is 1.09 V, and higher current density and higher fuel utilization are achievable ( Figure 5 ). This leads to increasing the SOFC power production (13.50 MW) at higher fuel utilization (89%), current density (2,150 A m -2 ) and higher cell voltage (0.67 V) in comparison with a system operating on low ammonia concentration. Increasing the ammonia concentration to 90% increases the system efficiency by 4.6% in comparison to SOFC fuelled with aqueous ammonia with 14 mol.%. Moreover, the power density of the SOFC stack increases significantly by 48% (Table 6 ). This implies that the required cell area (the number of cells) decreases by increasing the ammonia concentration in the fuel. Per-pass fuel utilization still has been kept around 80%. On the other hand, low steam concentration in the fuel increases required air (14.9 kg s -1 ) for cooling the SOFC stack, and this increases lambda in the afterburner (l = 8.6). The heat generated in the SOFC and afterburner can be partially transferred to the struvite decomposition reactor at a very high temperature (610°C). However, in comparison with the lower concentrations, less heat is delivered to the decomposition reactor (11.48 MW). The temperature of the flue gas stream to the environment is 60°C. This temperature is lower than the flue gas temperature for other cases because of the low concentration of water in the system, and this makes the system more efficient. The ammonia-SOFC system net energy efficiency is 53.1%. Exergy destruction of the ammonia-SOFC system fed with a high concentration of ammonia (90 mol.%) is shown in Figure 11 . Due to the lower fuel flow rate, the exergy input, in this case, is slightly lower (26.54 MW). Exergy destructions take place in all components, mostly in the fuel cell with 11.5%, and heat exchangers in the fuel/air preheating process with 8.3%. Exergy losses in the afterburner are 3.2%, which is attributed to the high fuel utilization in the SOFC fuelled with rich-ammonia gas. Only 2.1% of fuel exergy is transferred to the stack (exhaust), and this makes the system more efficient compared to system fuelled with lower ammonia concentrations since 14.6% of the fuel exergy is transferred to the decomposition reactor. The total exergy efficiency of this system, including the exergy of heat transferred to the struvite decomposition reactor, is 65.5%.
The achieved exergy efficiency of 50.9% in this system is comparable with the values presented in the literature for SOFC-GT system [21] with exergy efficiency of 55.1%. The difference is due to a lower ammonia concentration in the fuel (90 mol.%), lower operating temperature and higher cell resistance (1.0 10 -4 O m 2 ).
Integrated System
Finally, the energy balance of the ammonia-SOFC system, integrated with a heat pump assisted distillation tower and precipitation process is investigated in this section. The SOFC supplies part of the struvite decomposition heat demand and the heat pump provides the rest. A heat pump is applied to extract heat from the condenser of the distillation tower. SOFC also provides electrical power for the compressor of the heat pump. Meanwhile, the heat required for thermal pre-treatment (35°C) of 100 kg s -1 of wastewater sludge is supplied (8.4 MW) . This integration makes the system sustainable since there is still net electrical power generated by the SOFC (9.9 MW E ). The energy balance flow diagram of this system is illustrated in Figure 12 . The net electrical efficiency of this system (including energy demand of the heat pump assisted distillation tower) is 39% based on ammonia LHV (18.6 MJ kg -1 ) of the ammonia-water mixture. Nitrogen removal from wastewater treatment is known as an energy-intensive process. Struvite precipitation is one of the methods of nutrient (Phosphorus and nitrogen) removal in wastewater. Struvite can be decomposed to ammonia water mixture by heating at an optimum temperature of 106°C. The concentration of produced aqueous ammonia in this process is very low (14.2 mol.%) but, can be used as fuel in an SOFC system. Feasibility of operating an SOFC with different concentration of ammonia is investigated by conducting experiments at 800°C. Ammonia is fully cracked inside the SOFC at this operating temperature. Subsequently, a model incorporating a fuel cell with ammonia recovery (precipitation) process is developed. The energy and exergy efficiencies of this system were 48.5% and 39%, respectively. However, in this system, the required heat for struvite decomposition could not be generated by the SOFC system (stack and afterburner).
To make the system self-supporting and more efficient, the concentration of ammonia in the fuel stream is shown to be increased by integrating a distillation tower to the system. A heat pump is coupled with the distillation tower to satisfy the heat duty of the condenser of the distillation tower and reduce the temperature of the outlet stream. The higher concentration of ammonia improves the ammonia-SOFC system efficiency. The heat pump and SOFC system supply the heat required for the struvite decomposition reactor (see Figure 9 ). The net energy and exergy efficiencies of the ammonia-SOFC system operating with an aqueous solution of ammonia (90% ammonia mole fraction) are 53.1% and 49.6%, respectively. On the one hand, extra investments are required for the heat pump and distillation tower, on the other hand, less SOFC area (number of cells) is required for the SOFC stack and the overall electrical efficiency increases. The net energy efficiency of the integrated SOFC system with heat pump assisted distillation tower is around 39% (ammonia LHV-based). After assessment of the ammonia-SOFC system, the next step would be the evaluation of a SOFC system with an ammonia-biogas mixture as a fuel. Sustainability of conventional WWTP can be improved by applying SOFC as a heat and power generation device. However, techno-economic evaluation of the designed system should be carried out to develop this system from the laboratory to the industrial scale.
Appendix
Heat usage calculation
Based on the thermogravimetric analysis (TGA) measurements, it is possible to determine the heat required for the decomposition of struvite. The Q600 unit from TGA instruments measures the temperature rise due to the heating of the furnace of the sample and a reference. The temperature difference (ΔT) between the two is used to determine the net heat flow into or out of the sample during the experiment. While no transitions take place in the sample, the sample temperature will track the reference temperature. This ΔT signal is then used to calculate the heat flow for the reaction. Endothermic reactions such as melting and evaporation will result in a negative heat flow curve, whereas exothermic reactions such as oxidation will result in a positive heat flow curve. Three distinct struvite samples (20-30 mg) with different free water concentrations have been tested. First, the oven is closed, and nitrogen is purged for around 20 min to provide an inert environment. The oven is heated up to 80°C and kept at that temperature for about 20 min to release most of the free water. Then, TGA experiments are conducted in a range of from 80°C to 160°C with a ramp of 1°C min -1 . Results show that the struvite samples lose their water and ammonia simultaneously during decomposition. Most of the water and the ammonia is evaporated around 90°C, and it is observed that weight loss is less significant after 110°C. As an example, combined graphs for a struvite sample (with maximum water content) are shown in Figure 13 with the weight loss per minute, the heat flow and the integrated heat flow during the experiment. Struvite samples (with different free water concentrations) demonstrate a negative heat flow, between 1,000 kJ kg -1 to 1,500 kJ kg -1 , in comparison to the reference. In this study, it is assumed that the heat required for struvite decomposition is 1,350 kJ kg -1 . Based on decomposition reaction Eq. (2), 1 kg struvite decomposes into 510 g of ammonia water vapour and 490 g of MHP. Therefore, the heat required for producing ammonia-water mixture is 2,650 kJ kg -1 . This is higher than the heat of vaporization of ammonia-water mixture with 14% ammonia (2,350 kJ kg -1 ). Moreover, it is seen that concentrations of struvite did not change due to heating, and there was no sulfur-containing compound in the vapour stream (which is hazardous for SOFC). 
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